molecular ions are collisionally dissociated at the target, and N + exhibits ion energy distribution functions resembling those of metal ions. The latter result implies that both N + and Me + species originate from the target. High-energy Ar + tails, assigned to ionized reflected-Ar neutrals, are observed with heavier TM targets.
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Introduction
Metal-ion-synchronized high-power pulsed magnetron sputtering (HiPIMS), 1,2 a technique developed for ion-assisted film growth, can provide additional control over layer composition and properties via significant ionization of the sputtered target atoms. 3, 4, 5, 6, 7, 8 Gas rarefaction, due to the presence of high temporal metal fluxes from the sputtering target, 9, 10, 11, 12 results in large variations in the intensities of gas-and metal-ion fluxes incident at the growing film surface during each HiPIMS pulse. 13 Thus, by employing a substrate bias potential that is synchronized with the metal-ion-rich portion of the HiPIMS pulse, metal and gas ions incident at the substrate can be separated in both the time and energy domains. 14, 15 At low deposition temperatures, film nanostructure evolution is controlled by incident metal-ion energy and momentum transfer. The substrate is maintained at floating potential during the gas-ion portion of HiPIMS pulses; thus, the majority of gas ions arrive at the substrate with energies that are below the lattice displacement threshold. In contrast to substrate irradiation by fast gas-ions, conventionally employed in biased magnetically-unbalanced magnetron sputtering 16, 17 for which the gas ions are trapped in interstitial sites, metal-ions are primarily incorporated in lattice sites. This, together with dramatically-reduced concentrations of trapped gas ions, results in lower compressive stresses in layers deposited by metal-ion-synchronized HiPIMS.
The approach described above has been used to grow N-doped bcc-CrN0.05 nanostructured films combining metallic and ceramic properties; 18 hard, stress-free Ti0.39Al0.61N; 19 single-phase NaCl-structure Ti1-xSixN with extremely-high SiN concentrations; 20 unprecedented AlN supersaturation in single-phase cubic V1-xAlxN; 21, 22 and hard, dense Ti0.92Ta0.08N and Ti0.41Al0.51Ta0.08N alloys grown with no external heating. 23, 24 In each of these examples, the crucial step was synchronization of the substrate bias pulse to the metal-ion portion of the HiPIMS pulse, which requires detailed knowledge, typically provided by the time-resolved mass spectrometry, of the time evolution of metal-and gas-ion fluxes incident at the substrate.
Recently, we reported the results of energy-and time-dependent mass spectrometry analyses of species incident at the substrate plane during HiPIMS sputtering of Groups IVb and VIb transition metal (TM) targets in pure Ar. 25 We demonstrated that the time-and energyintegrated metal/gas ion ratio + / + increases with increasing peak target current density JT,peak as a result of gas rarefaction. Moreover, the effect scales with increasing metal-ion mass, resulting in + / + varying by two orders of magnitude from ∼1 for Ti to ∼100 for W with JT,peak = 1 A/cm 2 . We also showed that + / + can be controlled over a wide range by adjusting the HiPIMS pulse width τON. 26 For Ti sputtered in Ar (
from ∼1 with τON = 120 µs to ∼60 for τON = 30 µs. Thus, shortening the HiPIMS pulse, provides more flexibility in choosing bias pulse shapes, independent of the choice of metal/gas combination.
Here, we report the results of a subsequent study in which we investigate the evolution of metal-and gas-ion fluxes incident at the substrate plane during reactive HiPIMS of Groups IVb and VIb TM targets in Ar/N2 gas mixtures. We show that the time-and energy-integrated metal/gas-ion ratios + / + incident at the substrate plane are higher for Group VIb metals due to lower N2 reactivity, resulting in lower target coverages, higher target sputtering rates, and, hence, less gas rarefaction. Ion energy distribution functions for Zr, Hf, Mo, and W targets operated in reactive HiPIMS mode are reported for the first time.
Experimental procedure
Time-dependent in-situ mass-and energy-spectroscopy analyses of ion fluxes during HiPIMS sputtering of Ti, Zr, Hf, Cr, Mo, and W targets (99.99 % pure) in Ar/N2 gas mixtures are performed using a Hiden Analytical EQP1000 instrument. Experiments are carried out in a CemeCon CC800/9 magnetron sputtering system equipped with rectangular 8.8×50 cm 2 targets parallel to, and 18 cm from, the electrically-grounded orifice of a mass spectrometer placed at the normal substrate position. The system base pressure is 2×10 -4 Pa (1.5×10 -6 Torr), and the sputtering pressure is maintained constant at P = 0.4 Pa (3 mTorr), with a N2/Ar flow ratio of 0.11, which yields stoichiometric Group IVb TM nitride films as determined by Rutherford backscattering spectrometry and time-of-flight elastic recoil detection analysis.
The HiPIMS pulse length is 120 µs at a frequency of 300 Hz. In order to maintain the same peak target current density JT,peak = 1.0 A/cm 2 , the average HiPIMS power Pavg ranges from 1500
W for Zr to 1900, 2400, 3000, 3200, and 4000 W for Ti, Hf, Mo, Cr, and W target, respectively.
Ion-energy distribution functions (IEDFs)
+ ( ) are recorded in HiPIMS mode for Me n+ (n = 1, 2, …) and gas ions during 100 consecutive pulses such that the total acquisition time per data point is 1 ms. The ion energy is scanned in 0.5 eV steps from = 1 to 50 eV. To obtain the plasma composition at the substrate plane, where the orifice of the mass spectrometer is positioned, rather than at the detector, data are corrected for the ion time-of-flight (TOF) through the instrument using the approach described in Ref. 27 . Additional details regarding the IEDF measurements are given in Ref. 28 . with increasing metal-ion mass. In the case of IVb metals, the energy and time-integrated metal/gas ion ratio
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with the integral extending between t = 0 and 300 µs, increases from 0. 25 is caused by gas rarefaction effects, which scale with increasing metal/gas atom mass ratio ⁄ . That is, the metal/gas collision cross-section increases with increasing sputtered atom mass, resulting in shorter metal-atom mean free paths, increased momentum transfer, and hence more effective gas heating. The control experiments performed for selected targets as a function of Pavg at constant frequency (corresponding to varying JT,peak over a wide range) revealed that the variation in + / + ratio with Pavg is minor as compared to that observed between different targets.
Another important effect illustrated in Fig. 2 is that gas-ion fluxes are significantly lower for VIb than IVb metal targets (comparing elements with similar masses). This effect is caused by higher temporal fluxes of sputter-ejected species from Group VIb targets due to both (i) higher sputter yields → and → , and (ii) lower reactivity towards nitrogen (see Table 1 ), which leads to a lower rate of compound formation at the target surface. The latter is also evident from the reduction in Table 1 ).
A direct consequence of the above phenomena is that the time-separation of metal-and gasion fluxes at the substrate, critical for synchronized-bias HiPIMS film growth, is much more difficult to achieve during reactive sputtering of Group IVb targets, for which Ar + and N + gas-ion fluxes are significantly larger than those obtained using Group VIb targets. The intense atomicnitrogen ion fluxes + ( ), which dominate the molecular N2 + ion fluxes in agreement with previous reports, 15 peak at 50-60 µs from pulse initiation and precede the metal ions by 15-50 µs (depending on mMe) due to shorter flight times from the target. However, N + is a film-forming ion, hence the overlap with metal-ion fluxes is not an issue. + ( ) fluxes, however, are far more problematic; they can result in trapped Ar interstitials leading to higher residual stress 29, 30 and, as a consequence, to cohesive and/or adhesive film failure. 31, 32 A possible remedy is the use of shorter HiPIMS pulses, while maintaining the peak target current density constant. In the case of metallic operation, this approach results in a significant increase in the + / + ratio. 26 For example, by shortening the HiPIMS pulse in reactive mode from 120 to 30 µs while sputtering Ti, + / + at the substrate plane increases from 0.2 to 0.5 (not shown). In contrast, during reactive sputtering of Group VIb targets, for which metal-ions dominate the ionized flux incident at the substrate, the bias length and offset can be set based upon measured + ( ) distributions.
Another important observation for metal-ion-synchronized reactive HiPIMS is that the time delays between the maxima in target current and subsequent + ( ) peaks, reflecting the ion flight time from the target to the substrate plane, τTOF, increase with increasing metal-ion mass, independent of the target current density. This is shown in Fig. 3 for Ti, Zr, Hf, Cr, Mo, and W, all plotted as a function of peak target current density JT,peak. Data for Al (mAl = 26.98 amu) are included to further illustrate the effect of ion mass on τTOF. In the limit of low peak target current density, JT,peak = 0.1 A/cm 2 , τTOF varies from 41 µs for Al, to 60±2 µs for Ti and Cr, to 71±1 µs for Zr and Mo, and 92 µs for both Hf and W. The decrease in τTOF with increasing JT,peak, which occurs for all metal ions investigated, stems primarily from the reduced number of collisions with gas particles as rarefaction increases, as well as from the increase in the average metal sputter-ejection energy. 33, 34 At the opposite extreme, JT,peak = 1 A/cm 2 , τTOF varies from 18 µs for Al, to 34±1 µs for Ti and Cr, to 47±1 µs for Zr and Mo, to 61±1 µs for Hf and W. Hence, in order to fully utilize metal-ion bombardment in the reactive mode, the duration of synchronous substrate-bias pulses should be increased with increasing metal-ion mass. Since the metal-ion energy distribution varies over a wide range (see discussion below), one consequence is that metal-ion peaks are broader for heavier ions, except for the relatively light mass Ti + for which + ( ) exhibits a slowly-decaying tail long after the 120 µs HiPIMS pulse. 36, 37 indicating that the sputter-ejected atoms undergo few collisions between the target and substrate plane due to efficient plasma rarefaction. 38 The effect is particularly pronounced for W (183.84 amu), for which IEDFs extend out to 100 eV. This is consistent with W + ions having the highest + / + ratio, indicative of strong rarefaction due to a high atomic mass and a low heat of nitride formation (see Table 1 ).
Gas-ion IEDFs at the substrate plane display significant differences when reactively sputtering Group IVb vs. VIb TM targets. As depicted in Fig. 4 , in the former case both Ar + and N2 + IEDFs have strong thermalized peaks, which are absent during reactive sputtering of Group VIb TMs. This is a direct consequence of differences in the temporal fluxes of sputter-ejected species, which are significantly higher for Group VIb targets, characterized by higher sputter yields and lower reactivities toward N2, both of which exacerbate gas rarefaction. For all TM targets investigated, + ( ) closely resemble the corresponding Me + IEDFs. This is strong evidence that N + ions originate from the target, in agreement with previous reports. 28 The source of N + is a combination of sputter-ejected N atoms and reflected N atoms arising from dissociative N2 + collisions at the target surface.
With increasing TM mass, + ( ) IEDFs develop high-energy tails (see Fig. 4 For Mo and Hf, + ( ) exceeds 10 3 cps even at Ei = 50 eV. The most extreme case is that of Hf, for which + ( ) is still 10 4 cps with Ei = 80 eV. Since the effect scales with increasing mMe, we assign it to Ar + ions neutralized at the target, reflected toward the substrate plane, and re-ionized while passing through the dense plasma region. 39, 40, 41 These high-energy species are typically observed when mg << mMe, for which there is a high probability of Ar + ions being reflected with a significant fraction of the incident energy. 42, 43 Interestingly, high-energy tails are never observed µs. That is, they do not collapse into low-energy thermalized peaks, as observed for IVb metal targets. Instead, there is a gradual loss in intensity and even the ions arriving after the HiPIMS pulse, t ≥ 120 µs, have an average energy that is significantly higher than that of thermalized ions.
The dramatic decrease in thermalized ion density, despite the fact that the thermalization length λth (see Table 1 ), 44 corresponding to the distance at which the initial ion velocity is reduced to thermal velocity, is significantly shorter than the target-to-orifice distance, indicates severe rarefaction and is consistent with the fact that the energy and time-integrated metal/gas-ion ratio + / + is higher for VIb TMs.
Conclusions
In summary, we performed energy-and time-dependent mass spectrometry analyses of metal-and gas-ion fluxes incident at the substrate plane during HiPIMS reactive sputtering of Groups IVb and VIb TM targets in Ar/N2 atmospheres. Unlike the case for sputtering in pure Ar, for which gas rarefaction effects scale primarily with the metal/gas mass ratio mMe/mg, target reactivity with nitrogen, as quantified by the heat of nitride formation ∆ 0 , plays a dominant role as compound formation at the target surface dramatically reduces sputtering rates and, hence, gas heating. Thus, time-and energy-integrated metal/gas-ion ratios + / + at the substrate plane, which are controlled by gas rarefaction, are significantly lower for Group IVb TM targets. This, in turn, means that during reactive sputtering of Group IVb TMs, the metal-ion flux distributions + ( ) significantly overlap the gas-ion flux + ( ) distributions, thus inhibiting the selective manipulation of metal-ion energy and momentum via synchronized biasing. A potential remedy is the use of shorter HiPIMS pulses which result in higher + / + values and decreased + ( ) overlap with + ( ). In contrast, with less reactive VIb TM targets, sputtering rates are similar to those in pure Ar (i.e., closer to the metallic mode), leading to very high + / + ratios. For all Group VIb TM targets, metal-ions dominate the ionized flux to the substrate and the bias length and offset can be set based upon the measured + ( ) distribution functions.
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